Steroid degradation by Comamonas testosteroni and Nocardia restrictus have been intensively studied for the purpose of obtaining materials for steroid drug synthesis. C. testosteroni degrades side chains and converts single/double bonds of certain steroid compounds to produce androsta-1,4-diene 3,17-dione or the derivative. Following 9-hydroxylation leads to aromatization of the A-ring accompanied by cleavage of the B-ring, and aromatized A-ring is hydroxylated at C-4 position, cleaved at ∆4 by meta-cleavage, and divided into 2-hydroxyhexa-2,4-dienoic acid (A-ring) and 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (B,C,D-ring) by hydrolysis.
Brief overview of steroid degradation by Comamonas testosteroni

1-1. Introduction
Steroid compounds are known for the wide variety and have long been used as medicinal chemicals for their hormonal effects and various other functions on animals.
Several species of bacteria degrade certain steroid compounds to utilize as the sole carbon and energy sources, and the intermediate compounds of steroid degradation by these bacteria have been intensively studied for the purpose of obtaining materials for steroid drug synthesis. For these studies, testosterone was often used as representative steroid compound and Gram-negative Comamonas (formerly Pseudomonas) testosteroni and Gram-positive Rhodococcus (formerly Nocardia) restrictus were used as representative steroid degrading bacteria. Among C. testosteroni, strain ATCC 1196 has been traditionally used and some other steroid-degrading C. testosteroni strains such as ATCC 17410 and TA441 were reported a few decades later when genetic engineering showed explosive progress.
1-2. Degradation pathway of steroid compound in C. testosteroni
In 1958, it was already revealed that testosterone degradation by C. testosteroni starts with conversion of a hydroxyl group at C-17 position to a ketone group and introduction of a double bond at C-1 position of the A-ring, being followed by hydroxylation at C-9 position of the B-ring which leads to aromatization of the A-ring (Figure 1 .) [1, 2] . Then an intermediate compound with the aromatized A-ring, 3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (3-HSA), and an intermediate compound with the C,D-rings with cleaved B-ring, 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, were identified in 1965 [3] . Then aromatized A-ring of 3-HSA is cleaved and the compound is divided into two compounds, A-ring and B,C,D-rings, by hydrolysis. [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] . The degradation pathway was confirmed with detail using gene-disrupted mutants in early 2000s, with further studies revealing that A-ring is degraded with the pathway similar to a common bacterial aromatic compound degradation pathway and B,C,D-rings is degraded mainly by -oxidation [13] [14] [15] [16] [17] [18] . Investigation of the detail of degradation pathway of B,C,D-ring and other side chains of steroid compounds are still in progress.
1-3. Steroid degradation enzymes in C. testosteroni.
Although testosterone has been used as the representative steroid compound to reveal steroid degradation in C. testosteroni, C. testosteroni also degrades several other steroids (e.c. cholic acid and its derivatives, testosterone, progesterone, epiandrosterone, dehydroepiandrosterone) and converts them to androsta-1,4-diene 3,17-dione (ADD) or the derivative corresponding to the initial steroid compound before breaking down steroidal four rings. This suggests C. testosteroni has all the enzymes required for degradation of these compounds to ADD or the derivative, and among the predicted enzymes, ∆5,3-ketosteroid isomerase, 3-dehydrogenase, and 3-dehydrogenase have long been studied since 1950s [19] [20] [21] . These three enzymes are indispensable for degradation of steroid compounds with a double bond at ∆5 (e.c. dehydroepiandrosterone), with an -oriente-hydroxyl group at C-3 position (e.c. cholic acid, androsterone), and with a -oriente-hydroxyl group at C-3 position (e.c. epiandrosterone), respectively. Crystal structure analysis and genetic analysis started after around 1990.
1-4. Steroid degradation genes and the gene clusters in C. testosteroni
Investigation of steroid degradation genes of in C. testosteroni launched fully in 1990s when 3-dehydrogenase gene, 3-dehydrogenase gene, and ∆5,3-ketosteroid isomerase gene were isolated consistently, then degradation genes for basic steroidal structure were revealed with detailed degradation pathway in the next decade (Figure 1 ., table 1) [13] [14] [15] [16] [17] [18] [22] [23] [24] [25] [26] [27] [28] . The aromatized A-ring is cleaved and completely degraded by meta-cleavage pathway, a common bacterial degradation pathway for aromatic compounds, and the genes involved in the A-ring degradation show significant homology to the corresponding genes in bacterial aromatic compound degradation. Degradation pathway of intermediate compound of B,C,D-rings, 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, is still under investigation, but the main part of the degradation is suggested to be -oxidation. The degradation is like an aggregation that irrelevant reactions just gathered up, but the genes for the reactions are exclusively induced only when C. testosteroni is incubated with steroid compounds.
Genes of C. testosteroni for degradation of basic steroidal structure constitute two main steroid degradation gene clusters; one mainly consists of genes involved in aromatization and cleavage of the A-ring (named tesG-ORF18 in strain TA441) and the other consists of genes involved in -oxidation of the B,C,D-rings (named steA to tesR in strain TA441) ( Table 1 ). Recent study indicated these two steroid degradation gene clusters are on the same DNA strand several dozens of kilo bases apart and the 3-dehydrogenase gene and the adjacent ∆5,3-ketosteroid isomerase gene are located in the DNA region between these clusters (Table 1 , identified steroid degradation genes of C. testosteroni strains are shown with putative genes of C. testosteroni CNB-2, whose whole genome determination was completed in 2009 [29] ). Quite a few possible steroid degradation genes are found in this DNA region, suggesting that this DNA region of more than 100kb to be the steroid degradation gene hot spot of C. testosteroni.
Detail of each reaction of steroid degradation by Comamonas testosteroni
2-1. 3-,17-Dehydrogenation
In mammals, 3-hydroxy-∆5-steroid dehydrogenase catalyzes both dehydrogenation from 3-hydroxyl group to ketone group as well as transposition of a double bond at ∆5 to ∆4, but in bacterial steroid degradation, the hydroxyl group at C-3 position must be converted to a ketone group before introduction of a double bond into A-ring.
3-Dehydrogenase (3-hsd) of C. testosteroni was purified in 1970s from strain ATCC11996. The enzyme was initially isolated as 3-hsd and the cloned enzyme was revealed to act on both 3-hydroxyl group and 17-hydroxyl group of steroid compounds ( Figure 2 .) [22, [30] [31] [32] . In 2002, crystallographic analysis at 1.2 A resolution revealed the enzyme to have nearly identical subunits that form a tetramer with the active site containing a Ser-Tyr-Lys triad, typical for short-chain dehydrogenases/reductases (SDR) [33] .
The gene is not in the putative steroid degradation gene hot spot of C. testosteroni, but putative genes in the surrounding DNA region, stdC and sip48, were induced when strain ATCC11996 was incubated with steroid compounds degradable for the strain (Figure 3 .) [22, [34] [35] [36] . The deduced amino acid sequence of stdC showed the maximum identity (ca. 80%) to PhaR, polyhydroxyalkonate synthesis repressor and Sip48 showed significant homology to DUF1329 family proteins. DUF1329 family proteins are hypothetical proteins, but can be found in wide genera of Gram-negative bacteria, especially in Pseudomonas sp.
Genes encoding Sip48 and 317-hsd were also isolated from strain TA441 with several kb DNA region downstream of 317-hsd gene. A possible terminator was found just downstream of the putative 317-hsd gene and the homology search indicated that a protein encoded by a putative ORF in the downstream DNA region (ORF63, Figure 3 .) to be a secretion lowering protein 1, suggesting that the DNA region downstream of the 317-hsd are not involved in steroid degradation [37] .
A gene-disrupted mutant of 3,17-hsd of strain TA441 did not show significant growth on epiandrosterone, which has a 3-hydroxyl group and 17-ketone group, while the gene-disrupted mutant did degrade testosterone, which has a 17-hydroxyl group and 3-ketone group, though the growth was noticeably slower than that of the strain TA441 control [accepted, Horinouchi 2010 ]. These results suggested that the main role of the 3,17-hsd in TA441 cells is 3-dehydrogenation and that there is at least one more dehydrogenase which acts on the 17-hydroxyl group. Dehydrogenation/hydrogenation at the C-17 position is thought to be a reversible reaction because the major intermediate compounds isolated so far from TA441 have a ketone group at the C-17 position and are accompanied by a small amount of a compound of the same structure with the exception of a hydroxyl group at the C-17 position. C. testosteroni may have more than one enzyme with 17-dehydrogenating/hydrogenating activity to deal with intermediate compounds having considerable structural differences.
2-2. 3-Dehydrogenation and negative regulation of 3-dehydrogenation
Cholic acid and the derivatives, the main integrants of bile acid, and steroidal antibiotic fusidic acid are known for their anti-bacterial effect, but some steroid degrading bacteria including C. testosteroni are resistant with the ability of utilizing these compounds [38] . In contrast to testosterone, they have a -oriented-hydroxyl group at C-3 position. In steroid degradation by C. testosteroni, -oriente-hydroxyl group at C-3 position also has to be converted to a ketone group before introduction of double bonds in the A-ring (Figure 4 .).
3-Dehydrogenase (3-hsd) was purified in 1965 [39] . Then cloning of 3-hsd gene using an antibody for 3-hsd was reported in 1995 [40] , but the deduced amino acid sequence at the N-terminal end showed c.a. 35% identity to ribosomal protein L10/P0 and the deduced amino acid sequence of the rest of the putative gene showed c.a. 50% identity to ribosomal protein L7/L12.
Another gene encoding 158 aa-putative 3-hsd was cloned from strain ATCC11996 in 1998 [23, 41] . The deduced amino acid sequence of this 3-hsd showed considerably high homology to many short-chain dehydrogenase/reductase (SDR) and the motives of [42] . In the absence of inducing steroids, RepA blocks transcription of 3-hsd (named hsdA in ATCC11996) by preventing RNA polymerase to bind the promoter region of 3-hsd gene. RepB blocks translation of the 3-hsd/CR mRNA. In the presence of appropriate steroid compounds, the compounds both bind to RepA and RepB and release these proteins from the RNA polymelase and of the 3-hsd/CR mRNA, respectively [43] . RepB of ATCC11996 is reported as a protein consists from GNAT family acetyltransferase. Homology search using deduced amino acid sequence of the putative RepB of strain TA441 and CNB-2 indicated that they are fusion proteins consisting both with GNAT family acetyltransferase and an elongation factor, but whether fusion protein or not will not affect much to the function.
2-3. ∆5,3-Ketosteroid isomeration
In mammals, transfer of a double bond at ∆5 to ∆4 is catalyzed by 3-hydroxy-∆5-steroid dehydrogenase at the same time as the dehydroxylation of 3-hydroxyl group to ketone group, while in C. testosteroni, ∆5,3-ketosteroid isomerase (ksi) just transfers a double bond at ∆5 of 3-ketosteroid to ∆4 (Figure 6 ). Ksi of C. testosteroni has been under intensive studies since 1950s because of its interesting mechanism and extraordinarily high catalytic efficiency [44] . Partial crystallization of C.
testosteroni ksi was performed in 1955 [19] and then complete crystallization and analysis was reported in 1960s [45] [46] [47] . The amino acid sequence was determined in 1971 and the gene encoding ksi was cloned in 1987 [24, 25] . Complete crystal structure was revealed in 1999 [48] , and recent study indicated Tyr14, Asp38 and Asp99 or the regions around them are key active site residues in ksi and Tyr14 is also significant as the backbone of ksi [49] .
A ∆5,3-ketosteroid isomerase-disrupted mutant of strain TA441 can grow on dehydroepiandrosterone, which has a double bond at ∆5, but cannot grow on epiandrosterone, which lacks a double bond at ∆5, indicating that C. testosteroni ksi is responsible for transfer of the double bond from ∆5 to ∆4 and transfer of the double bond by hydrogenation at ∆5 and following dehydrogenation at ∆4 is not possible [37] .
2-4. Degradation of the side chain at C-17 position of cholic acid
C. testosteroni is unable to degrade majority of the steroid compounds with a large side chain at C-17 position such as cholesterols and plant sterols [37] , but effectively degrades cholic acid and the derivatives. Cholic acid and the derivatives are not only known for physiological activities on animals and anti-bacterial activity as the main integrants of bile acid [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] but also other various functions that are expected to be applied to medicals and their materials. Furthermore, they are reported to induce defensive effects in plants [60, 61] . testosteroni are yet to be isolated, a putative gene whose deduced amino acid sequence shows around 70% identity to acyl-CoA-dehydrogenase CaiA of Pseudomonas sp. strain Chol1 [64] was found in the hot spot of steroid degradation genes (indicated with bold letters in Table 1 ). CaiA is an acyl CoA-dehydrogenase for 7,12 Most of the -oriented-hydroxyl group at C-7 still remains after the hydrolysis [28] .
2-6. Aromatization of the A-ring accompanied by the cleavage of the B-ring, and the following degradation of the aromatized A-ring (steroid degradation gene cluster I)
In bacterial steroid degradation via aromatization of the A-ring, a ketone group at C-3 position and double bonds at ∆1 and ∆4 are indispensable for the aromatization of the A-ring (Figure 10 ). ∆1-Dehydrogenase (∆1-DH) gene was cloned from C. testosteroni strain ATCC17410 in 1991 [26] , and ∆4-dehydrogenase (∆4-DH) gene was cloned from the same strain in 1996 [27] . Similar ∆1-DH (TesH) and ∆4-DH (TesI) genes were identified in strain TA441 with genes involved in A-ring degradation to reveal that ∆1-DH and ∆4-DH are adjacent each other and are contained in the same steroid degradation gene cluster, ORF18, ORF17, and tesIHA2A1DEFG. Most of the genes in this cluster are involved in aromatization and following degradation of the A-ring in steroid degradation [14] (Figure 11 ). testosteroni [17, [67] [68] [69] . This transcriptional regulator is a LuxR family protein and possesses helix-turn-helix motif at the C-terminal to bind DNA. It is an activator which induces 3,17-hsd, 3-hsd, ksi, TesA2 to ORF18-encoded enzyme, TesA1 to TesG, SteA to ORF6-encoded enzyme, the meta-cleavage enzyme and the ORFs in the downstream DNA region [17, 67] Homology search for putative steroid degradation genes in the genomic sequence data on the web using deduced amino acid sequences of tesB to ORF33 revealed the presence of putative steroid degradation gene clusters similar to tesB to ORF33 in bacteria of different genera. Among a number of candidate bacteria, ten strains of seven genera were selected for comparison (C. testosteroni CNB-1 [29] , C. testosteroni KF1 (draft sequence, accession: NZ_AAUJ02000001) [70, 71] , Cupriavidu necator (formally R. eutropha) JMP134 (accession: NC_007347) [72, 73] , Ralstonia eutropha H16 (accession: NC_008314) [74] , Burkholderia cenocepacia J2315 (accession: NC_011001) [75] , Burkholderia sp. 383 (accession: NC_007511) [76] , Cu. taiwanensis LMG 19424 (accession: NC_010530) [77] , Shewanella pealeana ATCC700345 (accession: NC_009901), S. halifaxensis HAW-EB4 (accession: NC_010334) [78, 79] .), and Pseudoalteromonas haloplanktis TAC125 (accession: NC_007481) [80, 81] ), whose deduced amino acid sequence of putative steroid degradation genes correspond to tesB to ORF33 are showing higher homology than others (Figure 12. ). All the selected strains are Gram-negative bacteria. Putative meta-cleavage enzyme gene and putative ORFs correspond to ORF1 to ORF33 except for ORF25 and ORF26 of strain TA441 are found in all the candidate steroid-degradation gene clusters of these bacteria, while genes not necessary for degradation of basic steroidal four rings, putative 6-aminohexanoate-cyclic-dimer hydrolase gene (ORF25 and ORF26), the regulator gene (tesR/teiR), and the genes correspond to steA-ORF6, are found only in C. testosteroni strains but are often missing in bacteria of other genera. In seven strains out of ten, the gene order of genes correspond to tesB to ORF33 are quite similar to those of TA441, while those in S. pealeana ATCC700345, S. halifaxensis HAW-EB4, and P. haloplanktis 
